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Do mRNAs act as direct sensors of small molecules to
control their expression?
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he paper in this issue of PNAS by

Miranda-Rios et al. (1) demonstrates
the importance of a conserved RNA
structure in the regulation of genes in-
volved in thiamin biosynthesis.

Thiamin, also known as vitamin By, is a
cofactor for many important enzymes and
therefore essential for growth. Bacteria
have genes for all the enzymes necessary
to synthesize thiamin, but if adequate
amounts are present in the environment,
they can use those rather than make their
own, saving the energy and materials that
would otherwise be used for synthesis.
Such feedback inhibition, where the prod-
uct of a pathway can repress the expres-
sion of the enzymes in the pathway, is
quite common in bacteria. Many of the
most interesting results in molecular biol-
ogy over the past 50 years have come from
unraveling the mechanisms of such feed-
back regulation. Although bacteria, at
least many species, have the ability to
make all of the complex molecules they
need for growth from simple compounds,
they can also use environmental sources
of those molecules and, in doing so, re-
press synthesis of the genes required to
make them. Such a regulatory response
requires, at a minimum, a means of sens-
ing the concentration of the product and a
mechanism to control the expression of
the relevant genes that depends on that
concentration. In the case of thiamin reg-
ulation, the data suggest that the mRNA
for the synthesizing enzymes may itself
serve as the sensor and provide the mech-
anism for regulation.

Although each regulatory feedback
loop has its own features, some mecha-
nisms are quite common. Typically, there
is a regulatory protein that can sense the
level of the product and then bind to the
DNA or RNA to affect the expression of
the relevant enzymes. For example, the trp
repressor of Escherichia coli binds to DNA
only if it is first bound by the amino acid
tryptophan (2). Higher concentrations of
tryptophan increase the probability of the
repressor binding to the DNA where it
turns off expression of the genes needed to
synthesize tryptophan. This is an example
of transcriptional control where regula-
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tion affects the activity of the promoter
and the amount of mRNA made. Regu-
lation by thiamin is shown to be posttran-
scription initiation (1). The amount of
mRNA initiated from the promoter ap-
pears unaffected by the presence of thia-
min, but the elongation of the mRNA is
attenuated by a terminator structure in
the middle of the first gene of the operon,
thiC. In Bacillus subtilis, the trp operon is
regulated by a similar attenuation process
(2, 3). When the TRAP protein binds
tryptophan, it can then bind to the mRNA
and lead to its premature termination,
inhibiting the expression of all the genes
required for tryptophan synthesis. E. coli
also uses an attenuation process as a sec-
ond level of control, with the ribosome
sensing the concentration of tryptophan in
the cell (actually the concentration of
charged tRNAT®P) (2).

In thiamin regulation, the attenuating
termination structure forms when trans-
lation initiation of the thiC gene is
blocked (1). When the mRNA is trans-
lated by a ribosome, the structure will
not form, but thiamin somehow inhibits
ribosome initia-
tion, thereby lead-
ing to premature
termination of the
mRNA. Examples
of repressing trans-
lation initiation are
also well known.
Several ribosomal
proteins are known
to bind to their own mRNA and repress
their own synthesis if their primary binding
target, the ribosomal RNA, is not available
(4). More relevant to the case of thiamin is
an example where a sensor protein, in the
presence of a sufficient effector molecule,
blocks translation initiation. The B. subtilis
TRAP also performs this function at the
trpG gene, where its binding site overlaps
the translation initiation region and, at high
concentrations of tryptophan, it binds to the
mRNA and blocks ribosome binding (3, 5).
So regulation by thiamin appears to have
several features that have been observed
previously, and the critical open question is
the mechanism by which thiamin inhibits
translation initiation of the #iC gene.
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of the thiC gene.

The Role of the thi Box. The mRNA for the
thiCOGE operon in Rhizobium etli con-
tains a 211-base leader with two features
that are likely to be important. One is a
hairpin structure that is just 5’ of the
thiC-initiating AUG and overlapping the
ribosome-binding site (RBS), where one
expects it would inhibit ribosome binding.
The other feature is called the “thi box,”
which is a site of 38 bases that is highly
conserved in the region 5’ to the start of
many genes, from many species, that are
involved in thiamin biosynthesis. That the
thi box is important in the mRNA, rather
than the DNA, is demonstrated by com-
parison of the different occurrences of it.
Only about half of the positions are com-
pletely conserved, but all of the sites can
fold into the same RNA secondary struc-
ture because of compensating changes
that maintain complementarity. Because
this structure is conserved in different
thiamin-related operons and different
species rather than the RBS structure, it is
most likely the one directly involved in the
response to thiamin concentration. How-
ever, both structures are required for
proper regulation. In
an mRNA without
the thi box, transla-
tion of the thiC gene
is inhibited, presum-
ably because of the
RBS structure. Some-
how the thi box re-
lieves the intrinsic in-
hibitory effect of the
RBS structure in the absence of thiamin but
allows it to occur in the presence of thiamin.
This can be explained by alternative RNA
structures, in which the switch between
them is modulated by thiamin. But what sets
this example apart from other known post-
transcriptional regulatory events is the ab-
sence of any regulatory protein. This would
be simply another interesting example of a
sensory-regulatory mechanism, except
there is no protein to do the sensing. It is
certainly possible that a regulatory protein

See companion article on page 9736.
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exists that has not been identified yet, but
more intriguing is the possibility, raised by
the authors (1), that thiamin concentration
is sensed by the mRNA itself, which then
controls the rate of translation. At low thi-
amin concentration, an alternative to the
RBS structure occurs that allows normal
translation, readthrough of the terminator
structure, and synthesis of the thiamin-
synthesizing enzymes. However, at high thi-
amin concentration, the thi box is bound,
releasing the RBS structure to form, trans-
lation to be blocked, and attenuation to
occur.

A similar model has been proposed for
the regulation of genes involved in synthe-
sis and uptake of cobalamin, a precursor
to vitamin By, (6, 7). The cob operon of
Salmonella typhimurium encodes the
genes required for synthesis of cobalamin,
and the bruB gene of both E. coli and S.
typhimurium encodes a transporter for
cobalamin. All have been shown to be
repressed by cobalamin posttranscription-
ally (8, 9). Just 5" of the AUG for each
gene is a RBS hairpin, and each gene has
a “Byz box” in a long untranslated leader
sequence. Additional sequences between
the By, box and the AUG have been
shown to be important for translation and
for regulation by cobalamin. Adenosyl-
cobalamin, the active repressor form of
cobalamin, has been shown to specifically
inhibit ribosome binding to the btuB
mRNA in vitro (6). As in the case with
thiamin, no regulatory protein has been
identified. However, attempts to measure
direct binding of adenosyl-cobalamin to in
vitro synthesized mRNA for both genes
have not succeeded (6, 7). But it was also
shown that in vitro synthesized btuB
mRNA was incapable of binding ribo-
somes, even in the absence of cobalamin,
without some cellular factor that is re-
moved by high salt washing of ribosomes
(6). One possible explanation for these
results is that the in vivo mRNA has a
different structure than that transcribed in
vitro, and only the in vivo mRNA can bind
to adenosyl-cobalamin. A model has been
proposed for a complex structure of the
cob mRNA leader sequence, supported by
mutational analysis, chemical structure
probing, and computer prediction (7). The
conclusion from the cobalamin-regulated
genes, as for the thiamin-regulated genes,
is that the effector molecule binds to the
mRNA, either alone or with some factor,
to moditfy its structure so it no longer binds
ribosomes efficiently.

A similar mechanism has been pro-
posed for the regulation of genes used
in the synthesis of riboflavin, another
vitamin (10). Previous work has shown
that the regulatory site for the B. subtilis
riboflavin operon was within the mRNA
sequence and suggested translational
regulation (11). Comparison of the ribo-

flavin synthetic genes from many species
has led to the identification of a con-
served structure in the mRNA leader
sequence and the proposal that it binds
directly to riboflavin to control transla-
tion initiation (10).

Why Propose Direct RNA Binding? Why
should we think that these vitamins, co-
balamin, riboflavin, and thiamin, might
be the effectors themselves, without the
aid of other factors such as regulatory
proteins? That no regulatory proteins
have been found despite significant ef-
forts is suggestive only because one can
imagine why they might have escaped
detection (1, 6, 7). Equally suggestive is
our recent, and growing, appreciation for
the range of func-
tions that RNAs can
possess. From the
discovery of self-
splicing RNA (12) to
the recent verifica-
tion of the role of
rRNA in peptide
bond formation by
the ribosome (13,
14), it has become clear that RNAs play
many essential roles and may well have
provided the initial form of life on earth
(15). In addition, RNAs can be made to
have many functions besides those found
(so far at least) in nature (16, 17).

Besides catalytic activities, RNAs called
aptamers can be selected in vitro, by a
procedure called SELEX, to bind to target
molecules (18, 19). Aptamers with high
affinity and specificity can be selected to a
wide range of targets, including those with
potential for diagnostic and therapeutic
applications (20-22). Most relevant to
regulation of gene expression and vitamin
synthesis is that aptamers have been se-
lected to bind with high affinity and spec-
ificity to a large number of small mole-
cules, including amino acids, nucleotides,
antibiotics, and enzyme cofactors (23).
Among their attributes are very high spec-
ificity, as in the ability of an RNA aptamer
to distinguish between theophylline and
caffeine, which differ by a single methyl
group, by 10,000-fold in affinity (24). The
aptamer folds into an intricate structure
that makes multiple contacts with theoph-
ylline but sterically excludes caffeine with
an extra methyl group (25). In general,
aptamers for small molecules contain
bulge and internal loops that can adopt
specific binding pockets on interaction
with the ligand (26, 27). The conserved
structure of the thi box contains such an
internal loop that could participate in a
binding pocket for thiamin (1).

Given the wide variety of small mole-
cule targets for which aptamers have
been selected, it is easy to imagine that
natural mRNAs might also contain spe-
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Vitamins are used as cofactors for

many enzymes and might possibly

have been used in a similar manner
by ribozymes in an RNA world.

cific binding sites for some small effec-
tors that could be used in regulating gene
expression. In a test of that idea, Wer-
stuck and Green selected an aptamer to
an organic dye that is nontoxic and cell-
permeable (28). The resulting RNA can
be folded into a hairpin structure with
several internal loops. That aptamer se-
quence was placed within the untrans-
lated leader of a reporter gene on an
expression vector and transfected into
mammalian cells. The reporter gene was
expressed normally in the absence of the
dye but could be switched off specifically
by adding the dye to the medium. Other
experiments showed clearly that various
aptamers could fold properly and func-
tion as expected in vivo.

It is clear that
mRNA sequences
could be direct
sensors of small
molecules and
control their own
expression in re-
sponse. But the
question in the ti-
tle, whether they
actually do, remains open. Even if thia-
min, cobalamin, and riboflavin are shown
to be effectors that act directly on the
mRNA, there are a number of other in-
teresting open questions. One wonders
why such a mechanism is not common,
given the simplicity of the regulatory loop
and the proven ability of aptamers to bind
with high sensitivity and specificity. Per-
haps it is common, but more thorough
searches are required to find examples. Is
this mechanism used for small molecules
other than vitamins? There is no reason to
exclude its use for any target, as aptamers
have been selected for a wide range of
small molecules (23). Vitamins are used as
cofactors for many enzymes and might
possibly have been used in a similar man-
ner by ribozymes in an RNA world, in
which case it is easy to imagine that spe-
cific RNA pockets for binding them may
have ancient origins (15). And finally we
ask the question (assuming the proposed
structures and mechanisms for thiamin,
cobalamin, and riboflavin are correct):
Why are they so complicated? One can
easily imagine a small RNA structure, the
aptamer for the specific effector molecule,
being positioned so when it forms, it
blocks translation and being “tuned” such
that without binding the effector mole-
cule, it is too weak to have a significant
effect; however, on binding, it becomes a
very tight and inhibitory complex. That is
exactly the model shown to be effective by
Werstuck and Green (28), but it is quite
different from the proposed models for
the vitamins (1, 7, 10). The thi box of
Mycobacterium tuberculosis is an exception
that does fit the simple model (1). It is just
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5" of the initiating AUG and includes the
RBS, appearing as a fusion of the thi box
and RBS structures seen in the other
genes. It may be important that the M.
tuberculosis site has an extra stem and
internal loop that may constitute the full
binding site missing in the other examples.
We have recently scanned the bacterial
genomes in GenBank and have found at
least 40 examples of thi box sites upstream
of thiC homologs. In all but a couple of
cases, such as M. tuberculosis, they are
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